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[MpuBefeHbl pesynbTatel cMHTE3a Bal2: Eu, cogonnpoBaHHOro HaHovacTuuamuy Au
(HY Au), ¢ ncnonb3oBaHneMm BYXCTaAUAHOIO MeTOfa. Y CTaHOBNEHO BAUSIHME COA0-
nuposaHusa HY Au Ha CTPYKTYpHbIE, MOP(OAOTrMYECKUE N NIOMUHECLLEHTHbIE CBOICTBA
o6pasuoB Bal2: Eu. Mo gaHHbIM PEHTFEHOCTPYKTYPHOT0 aHanun3sa obpasybl Bal2: Eu
B OCHOBHOM COCTOAT 13 (pa3 Bal2mu Bal2 «H20. C yeBennueHmem konuyectsa HY Au B
o6pasuax 06Hapy>KeHO YMEeHbLUEHME NapameTpoB f4eiku asbl Bal2. CnekTpbl nto-
MuHecueHumu (CJI) coCcToAT U3 YILUNPEHHBIX UHTEHCUBHbLIX NOJIOC IFOMUHECLEHL MM C
MakcuMyMamm npu 420 HM, KoTopble cBs3aHbl ¢ SA-Afnepexogom noHoB Eu2+ u mano-
MHTEHCUBHBbIX M0JI0C C MaKCUMYyMaMu Npu 615 HM, KOTOpble OTHOCATCS K TFIOMUHECLLEH-
uumn Eud+ VIHTEHCMBHOCTb NO/IOCHI TIOMMHECLEHL MM MOHOB Eu2+MakcumanbHa ans 06-
pa3ua c 0,05 macc. % HY Au. CornacHo pesynbTaTam UCC/eL0BaHUA NOMUHECLEHLNMN,
nposogumoro B TeveHne 30 gHel, cogonmpoBaHme 06pasuos Bal2: Eu HY Au npuBo-
OUT K YBETMYEHNIO 3HAYEHWUA MHTEHCUBHOCTM NIOMUHECLeHL MK B 2,2 pa3a. [1okasaHa
BO3MOXXHOCTb BbICTPOI MaeHTUGMKauum coctasa obpasyos Bal2: Eu nyTtem aHanm3a
CMeKTPOB IIOMUHECLLEHLNN,

The synthesis of Bal2 : Eu co-doped with Au nanoparticles (AuNPs) using the two-
stages approach is reported. The influence of the AUNPs co-doping on the structural,
morphological and luminescent properties OfBal2: Eu samples is established. According
to X-ray diffraction analysis Bal2: Eu samples mainly consist of Bal2and Bal2 « H20
phases. A slight decrease of the cell unit parameters for Bal2 phase with an increase in
AuNPs quantity is found. The photoluminescence (PL) spectra are presented by broad and
strong emission bands peaking at 420 nm which are related to the Eu2+ 5d—Aftransition
and low-intensive bands peaking at 615 nm which are attributed to the PL of Eu3+.
Intensity of Eu2+ PL band reaches maximum for the sample with 0.05 wt. % AuNPs. The
results ofthe PL study carried out for 30 days demonstrate significant improvement ofthe
PL intensity values for Bal2: Eu samples up to about a factor 2.2 by the co-doping with
AuNPs. The possibility of rapid composition identification for Bal2: Eu samples using
the PL analysis is shown.

Krntouesble CioBa: ntoMuHecUeHUMs; Eu2+; noana 6apus; TOHKOANCNEPCHbLIE MOPOLLKM;
AuU; HaHOYacTULbI.

Keywords', luminescence; Eu2+; barium iodide; fine powders; Au; nanoparticles.
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The relevance of luminescent materials is explained by their application in
different fields ofhuman’s activity and life, including high energy physics, photonics,
medicine, lighting, security, agriculture and others [1—3]. Nowadays the search for
new and the improvement of existing cheap and effective luminescent materials is
an actual task of practical interest due to the absence of an ideal phosphor that can
be used across the board [4]. One of the cost effective and promising luminescent
materials is halide based compounds, doped with rare earths, mostly with Eu ions.
Such compounds are very perspective for application in various fields from high energy
physics (Srl2 : Eu) to solar energy (halide based perovskites) [5, 6]. Among halide
based compounds alkali-earth halides doped with Eu ions are attractive for research
due to their potential for luminescent applications. For instance, all these materials
can be used as components for light emitting diodes (LEDs) and europium-doped
barium mixed halides are widely used as phosphors in X-ray image intensifying screens
and in imaging plates for medical imaging [7, 8].

The choice ofeuropium as the doping ion is explained by its specific characteristics
among other rare-earth dopants. Europium can exist in two stable charging states:
Eu2+ and Eu3Iwhich under UV excitation both emit in visible spectral region
predominantly in blue and red areas, respectively [9, 10]. Yet, in several studies
Eu3Xemission in blue and green region was also discovered [11,12]. In recent works
EuZ2Yand Eu3Isimultaneous existence in phosphors was proved allowing to shift
resulting color of material’s luminescence from blue to red [13]. Whilef - emission
ofEu3Tions leads to narrow emission bands [14], Eu2+ions demonstrate broad d—
emission band which maximum position depends on a crystalline surrounding ofthe
luminescent center [15, 16]. Thus, luminescent characteristics of phosphors doped
with europium ions can be controlled by a change of Eu2+/E u3+ratio and variation
OfEu2+local environment.

From the literature it is known that co-doping of luminescent materials with
various ions and nanoparticles significantly affects their optical, electrical and
magnetic properties [17—20]. It has been shown that co-doping of BaBrCl : Eu
single crystals with Au ions had improved their photoluminescence intensity,
scintillation light output and reduced long time after glow; and co-doping of Eu
complex and Eu doped germanate films with Au nanoparticles (AuNPs) had enhanced
their luminescence intensities [21—23]. Moreover the feature of nanoparticles is a
possibility to absorb radiation in various areas of spectrum depending on their size and
surface morphology which provides variation of structural and luminescent properties
inherent to phosphors [24, 25].

In accordance with the foregoing, the aim of this work was to establish the effect
ofAuNPs co-doping on the structural, morphological and luminescent properties of
Bal2: Eu.

EXPERIMENTAL SECTION

Synthesis. Ba(NO32, Eu(NO3)3 *«6H20, NH4HCO3 NHa4l, HAuCIl4, NaOH
and NaZEDTA were used as starting materials. All reagents were of analytical grade.
Bal2was prepared by 2 stages approach described earlier: the first stage involved the
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synthesis of BaCO3: Eu (precursor) converted into Bal2 : Eu in the second stage
[26,27]. AuNPs in the form of Au sol in the amount 0f0,0.01,0.05,0.1and 0.2 wt. %
were added to the precursor on the first stage of synthesis.

For Au sol preparation and solutions containing 0.023 mole/dm3 HAuCI4,
0.075 mole/dm3NaOH and 0.008 mole/dm3NaZ2EDTA were used. NaOH solution
was added to Na2EDTA solution to the required pH level (10.5) under continuous
stirring. The obtained solution was heated (~ 2 °C/min) up to 90 °C, then HAuCI4
solution was added. The mixture was held at this temperature for 30 min. Au
concentration in this sol was 5 « 10-4 mole/dm3. Synthesized Au sol was of dark-
cherry color [28].

BaCO3: Eu powder was obtained by reverse precipitation. At first the required
guantity of the solution containing 0.1 mole/dm3of Eu(NO3)3 was added into
0.2 molar Ba(NO3)2 solution. Eu(NO3)3was added in the amount corresponding to
the replacing of 2 at. % of Ba2+ions with Eu3+ions. The mixture of nitrates was then
added dropwise into 1.2 molar solution OfFNH4HCO3under continuous stirring. The
resulting BaCO3: Eu precipitate was isolated by centrifugation and washed 2 times
with distilled water. The required quantities of Au sol were added to BaCO3 : Eu
suspensions and exposed to the continuous stirring for I h. Then the resulting mixtures
were dried in air at 80 0C for 12 h. Since further conversion of BaCO3to Bal2Was
occurring, the amounts of AuNPs additive were calculated on the basis of Baweight in
samples. Taking into account that AUNPs concentration in sol was known accurately,
the quantity of sol was recalculated in milliliter and added to precursor suspension
with a known quantity of BaCO3: Eu. After stirring for 10—15 min the suspension
became separated itselfand transparent solution under precipitate was observed. Thus,
one can conclude that AUNPs were combined with BaCO3particles.

BaCO3: Eu co-doped with AuNPs and NH4 powders were mixed in the agate
mortar and then transferred into a quartz boat which was placed into a quartz tube
with subsequent argon (Ar) flux for 10 min. The tube was moved into the furnace
preheated up to 400 OC and annealed for 30 min under constant Ar flow. After that
samples were spontaneously cooled to the room temperature (~ 50 °C/min) in a quartz
tube under the Ar flow. The obtained light-gray iodide powders were transferred into
containers that were tightly sealed. Depending on the amount of AuNPs used in the
synthesis samples have been designated as 0 (0 wt. %), | (0.01 wt. %), 2 (0.05 wt. %),
3 (0.1 wt. %), 4 (0.2 wt. %).

The whole process on the second stage of the synthesis can be described by the
following equation:

BaCO3:Eu + 4NH4l Bal2:Eu+ CO2+ 12+ H2+ 4NH3+ H20. Q)

It should be mentioned that the influence of the precursor morphology and
Eu ions concentration on the structural, morphological and luminescent properties
ofthe Bal2: Eu powders have been studied previously [26, 29].

Characterization. X-ray diffraction patterns of the synthesized samples were
collected by PANalytical Empyrean X-ray diffractometer with CuXa radiation source
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(k = 1.5406 A) in the 20 range of 23—75°. To prevent the contact of iodide samples
with water from atmosphere they were placed in a holder between two polyethylene
films. The X-ray diffraction patterns ofthese films showed a reflection at 23.8° 20. The
size ofthe coherent scattering region (CSR) and microstress values were determined
from the full width at a half maxima (FWHM) of X-ray diffraction (XRD) lines
approximated by the \bight functions using WIKamson-Hall method [30]. Standard
corrections for the CuXaradiation were taken into account. The processing of data
was made in Fityk, WnPLOTR-2006 and DICVOLO6 programs of FUKPROF.

Morphology ofthe samples was studied by scanning electron microscope (SEM)
LEO-1420 with a 20 000 magnification.

Room temperature photoluminescence measurements were provided by
Jobin Yvon Fluoromax 2 spectrofluorimeter. The photoluminescence (PL) and
photoluminescence excitation (PLE) spectrawere coUected from ~1 mm-thick layers
of samples placed onto a quartz plate. AUthe PL and PLE spectra were measured at
298 K. For performing the PL measurements depending on time each sample was
placed between two tightly sealed pieces of quartz glass and between measurements
was stored in a hermetic container filled with Ar to avoid the interaction with
atmosphere.

RESULTS AND DISCUSSION

The synthesized Au sol of dark-cherry color has plasmon band in the absorption
spectrum at “max~ 525 run (Fig. 1,a). The absorption spectrum shape and plasmon
position are typical for AuNPs of spherical shape [31].

TEM image of Au sol is shown in Fig. I, A Atthe used pH value of 10.5 Au sol
consists of nanoparticles with uniform shape and size. The average diameter of the
AuNPs in solis 15.1 + 2.2 run.

D

a

Fig. 1. Normalized optical absorption spectrum ofthe AuNPs (a);
TEM image ofthe AuNPs (b)
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The XRD patterns ofthe samples 0—4 are shown in Fig. 2. They exhibit reflections
attributable to 2 phases: Bal2 (Powder Diffraction File Ne 73—1849) and Bal2 «H20
(PDF Ne 39—1300). For samples 0, I, 2 and 3Bal2 phase is prevailing, while for
sample 4 Bal2 «H?20 phase is dominating. The presence of reflections for Bal2+H20
phase in different amounts for each sample on the XRD patterns can be a result of
interaction ofthe samples with water vapor released in the synthesis process (Eqg. 1)
or during samples moving into containers.
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Hg. 2. XRD patterns ofthe samples 0—4. Broadened reflection with maximum at 23.8°
originates from a polyethylene films. The numbers correspond to data in Table |

Calculated values of the unit cell parameters, CSR size, and microstress (e) for
the Bal2 phase in the samples 0—4 are listed in Table 1. The obtained values of the
unit cell parameters are in agreement with the tabulated data for the Bal2phase (PDF
No 73-1849).

Table |

Unit cell parameters, CSR sizes, and microstress values for the synthesized samples 0-4

Sample Compound

0
I

2
3
4

Bal2
Bal2
Bal2
Bal2
Bal2

a, A

10.6930(51)
10.6110(83)
10.6185(88)
10.6226(57)
10.6030(25)

b, A

8.8985(38)
8.8420 (76)
8.8522(80)
8.8341(69)
8.8286(33)

C A

5.2993(25)
5.2447 (83)
5.2337 (87)
5.2727(26)
5.2643(13)

Cell
Volume

504.24
492.07
491.95
494.79
492.79

CSR,
nm

42.3
455
43.3
46.9
68.7

e, 1045

11.2
134
6.6
6.3
8.7
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As can be seen from Table 1 the co-doping ofBal2: Eu samples with AuNPs leads
to a slight decrease of the unit cell parameters and, as a result, ofthe cell volumes.
Decrease in the cell volumes is most probably related with a partial substitution of
Ba2+ onto Au ions. AuNPs can react with the iodine released during the synthesis
leading to the formation of such compounds as Aul, Aul2* Aul4 [32—34]. Since the
values of ionic radii for Au+ (Aul and Aul2 compounds) and Ba2+ are close (1.37
and 1.47 A, respectively, see Table 2), one can assume the possibility of substitution
of larger Ba2+ions onto smaller Au+ions in the Bal2 structure. Taking into account
that ion radius for Au3+ions (Aul4 compound) is 2.2 times smaller than that for
Ba2+the possibility of the incorporation of Au3Xions into the Bal2 structure should
be considered. The formation OfAul4Toccurs in a very small amount, due to almost
complete displacement of Aul2*+ 12 <»Aul4 reaction to the left. Nevertheless, Aul4
availability in crystalline lattice as a pair for Au+ for charge compensation can not be
excluded [34]. Localization of Au3Ton the BaZIpositions should also lead to decrease
ofthe cell volumes.

Table 2

lonic radii for Baz+, Au+and An3+ions
(coordination numbers are 9,4 and 6, respectively) [35]

lon Baz2+ Au+ Au3+
lon radius, A 147 1.37 0.68

The difference in the CSRvalues for the samples 0—4 (Table 1) can be connected
with the influence of AUNPs on the mass transfer process occurring during the
synthesis. As one can assume AuNPs should be localized mostly on the surface ofthe
precursor particles. It ispossible that such localization decreases the intensity of mass
transfer between the precursor aggregates during the barium iodide formation on the
second stage ofthe synthesis. As aresult, the growth ofbarium iodide particles within
the aggregates becomes more intensive. W th an increase in Au content in samples the
microstress values are decreasing. This fact can be connected with the enlargement
of crystallites size and perfection of their structure due to the decrease in the ratio
between particles surface and their volume. As a result, relative quantity ofthe surface
defects as compared with those in the particles volume is diminished.

SEM images of the BaCO3: Eu and Bal2: Eu samples are presented in Fig. 3.
They illustrate the effect of Au content on their microstructure. BaCO3: Eu precursor
samples consist of aggregates composed by particles 0.7—3.0 pm in size. Bal2 : Eu
samples are similar in their morphology to precursors: they also consist of spheroidal
aggregates that are smaller in size (0.7—2.0 pm).

The difference in aggregates size OfBal2: Eu and BaCO3: Eu samples is explained
by various crystalline structures, densities, and, as a result, volumes OfBal2and BaCO3
particles with the same quantity of BaZ2lions. Despite the observed difference in the
CSR values for the samples 0—4, it should be noted that co-doping of samples with
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AUuUNPs up to 0.2 wt. % does not significantly influence BaCO3 and Bal2 particles
morphology. In this work the formation of BaCO3 particles aggregates follows
a colloid aggregation mechanism, which means that each aggregate consists ofsmall
crystallites. Although the Au content affects the CSR size of crystallites, it doesn’t
influence the resulting aggregates morphology.

Hg. 3. SEM images ofthe BaCO3: Eu (a, b) and the Bal2: Eu (c, d)
samples with Owt. % (a, c) and 0.2 wt. % (b, d) of AuNPs

The PL and PLE spectra of the samples 0—4 are presented in Fig. 4. The broad
PLE bands (Fig. 4, a) within the 255—395 nm was referred to the Eu214/-> 5d
transition [36]. The PL bands are narrow and close to symmetrical with maxima
at 420 nm (Fig. 4, b). Thus, these bands correspond to the inter-configurational
4/75d1-> Aflradiation transition OfEu2+in Bal2 structure [37]. The PL spectra also
have low-intensive bands characteristic for Eu3+with maxima at 615 nm [38], which
indicates the incomplete Eu3+-> Eu2+transition during the synthesis or the surface
oxidation of Eu2+to Eu3+ A significant concentration effect ofthe AuUNPs co-doping
on the luminescence properties of samples is clearly observed. As one can see from
Fig. 4, maximum PL intensity from the signal is observed for the sample 2.

In the literature it is pointed out that when the amount of oxygen vacancies is
small they might act as the sensitizers for the energy transfer to the rare earth ion
due to the strong mixing of charge transfer states. It results in the highly enhanced
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luminescence. When oxygen vacancies are in the excess they inevitably destroy the
host crystallinity, which leads to quenching of the luminescence [39—41].

A significant part of the oxygen contamination in barium halide systems comes
from surface hydrate reactions due to the materials hygroscopicity. Oxygen ions
can enter such systems doped with europium and act as oxygen-vacancy centers.
In europium-doped BaFCl, for instance, oxygen vacancies are actually hole traps,
because the divalent oxygen ion (O2) occupying the halogen site (CI or F-) prefers
to capture a hole to balance its charge [42].

In accordance with the foregoing we suppose that the increase in PL intensity
can be explained by two possibilities. The first one is due to the AuNPs leading to
a lower probability of charge carrier trapping by the traps mentioned above [21].
The second possibility is due to more effective charge transfer to the luminescent
ion by AuNPs with the formation of Eu2+-Au” centers. Possible presence of Aul,
Aul”, AUI4 has to be taken into account. This possibility ismentioned in the study of
Malashkevich G. E. etal. [23]. Nevertheless, we have to admit that the raised question
requires more thorough study.

Hg. 4. PLE (Xem= 415 nm) (a),
PL spectra (Xex= 320 nm) (b)
for the samples 0—4 and PL spectra
(Xex= 393 nm) (c)
for the samples 0 and 4.

The numbers correspond
to data in Table |
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As one can see from Fig. 5, a, the co-doping with AuNPs improves significantly
the luminescence intensity values (up to about a factor 2.2) for Bal2: Eu samples with
maintaining this difference at least for 30 days. It can be explained by 3 hypotheses:
1) capturing of electrons that are created in the process of Aul, Aul® and Auli)’
formation by Eu3Yions with the formation of Eu2Yions [43]; 2) the field enhancement
effect caused by the surface plasmon ofthe AuNPs [22,44]; 3) the impact of AUNPs
on the suppression oftrapping centers in Bal2 : Eu.

Days
a

Hg. 5. Dependence ofthe PL intensity (Aex= 320 nm) for the samples 0—4
on time (a); PL spectrum for the sample 0 fitted with 2 Gaussian functions (b).
The numbers correspond to data in Table |

It is known that the position of Eu2Xluminescence band depends on its
crystalline surrounding [45]. Considering that Bal2 is hygroscopic material and can
exist in different hydrate forms, e. g. Bal2+H20, Bal2+2H20 and Bal2+6H20, it
is important to have a possibility of quick composition analysis of such samples for
better understanding the EuZXluminescence origin. The opportunity ofusing the PL
spectra splitting for the rapid composition identification, taking into account higher
sensitivity of PL analysis in comparison with XRD, was estimated. It occurred that PL
spectra ofthe samples 0—4 are the best fitted with 2 Gaussian functions (Fig. 5, b). Thus,
according to the results given in Table 3 the PL spectra of samples 0—4 are complex
and consist of 2 overlapped bands with maxima at 412 nm (3.01 eV) and 422—427 nm
(2.94—2.90 eV), which indicates the distribution of Eu2Yover 2 crystalline surroundings.

Table 3
Yklues of the PL bands maxima for the samples 0—4
Sample 0 I 2 3 4
Band maximum, eV 3.01 3.01 3.01 3.01 3.01
Band maximum, nm 412 412 412 412 412
Band maximum, eV 2.94 2.89 2.90 2.90 2.91

Band maximum, nm 422 427 427 427 426
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For the sample 0 a band with a maximum at 412 nm can be attributed to Bal2
phase and, therefore, the minor band with a maximum at 422 nm belongs to
Bal2 « H20 phase [46]. It is confirmed by the existence of these 2 phases in the
XRD patterns. Hence, the PL spectrum splitting can be used for the rapid phases
identification ofalkali-earth iodide samples.

CONCLUSIONS

In this study the original two-stages approach to the synthesis of iodide samples
co-doped with AuNPs has been used. According to XRD data the obtained samples
include Bal2and Bal2mH?20 phases. The presence of Bal2 mH20 phase in the XRD
patterns has been explained by the absorption of water that was released during the
synthesis or from the surrounding atmosphere. The slight decrease of the unit cell
parameters for the Bal2phase has been found to be connected with the substitution
ofBa2+ions onto Au+ions and the incorporation of Au3Xions into the Bal2structure.
It has been shown that the addition of AUNPs up to 0.2 wt. % does not influence
Bal2: Eu particles morphology. For all the samples the PL spectra have demonstrated
Eu2+ emission band in the Bal2structure (Xem= 420 nm) and low-intensive band
peaking at 615 nm characteristic for the Eu3+. The presence of Eu3+ has been
explained by the incomplete Eu31-» Eu2+transition during the synthesis or surface
oxidation of EuZ2X The results ofthe PL study, that has been carried out for 30 days,
have demonstrated that the addition of AUNPs improved significantly PL intensity
values by a factor up to 2.2. Three hypotheses explaining this phenomenon have been
suggested: 1) the transfer of electrons created in the process of Aul, Aul2 and Aul?
formation to the Bal2: Eu; 2) the field enhancement effect caused by the surface
plasmon of the AuNPs; 3) the influence of the AuNPs on the number of trapping
centers in Bal2: Eu. The application of the PL analysis for the rapid identification
of Bal2: Eu samples composition has been shown. It has been discovered that the
PL spectra of the samples 0—4 are the best fitted with 2 Gaussian functions that
proves the distribution of Eu2Xover 2 crystalline surroundings which are the Bal2and
Bal2+H?20 phases according to XRD.
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